Introduction
Semiochemicals offer several potential strategies for reducing crop losses caused by aphid pests . One approach is the application of antifeedant compounds to crops, thereby manipulating aphid host selection behaviour to reduce both direct feeding damage and virus transmission (Pickett et al., 1987) . Numerous compounds have been tested for aphid antifeedant properties. 'Half leaf' choice tests, allowing the polyphagous pest aphid Myzus persicae (Sulzer) access to treated and control leaf areas, led to the identification of a number of active compounds, largely of plant origin . Polygodial was particularly active (Asakawa et al., 1988) , and M. persicae discriminated between treated and control leaf areas within 2 min of access to plants (Powell et al., 1993) . Quassin and other quassinoids also showed promising activity (Polonsky et al., 1989) . The addition of the indolizidine alkaloid castanospermine to artificial diet solutions inhibited settling and survival by the pea aphid, Acyrthosiphon pisum (Harris) (Dreyer et al., 1985) . Topical applications of the limonoid tetranortriterpenoid azadirachtin were only weakly active against M. persicae , and although strawberry aphids, Chaetosiphon fragaefolii (Cockerell), were deterred by a neem seed oil formulation, activity was not related to azadirachtin levels (Lowery & Isman, 1993) . The hop resin-derived -acids lupulone and colupulone were tested against M. persicae, and were not active , although these compounds were effective deterrents to the two-spotted spider mite, Tetranychus urticae Koch (Jones et al., 1996) .
In the present study, observations were made of the settling behaviour of two cereal aphid species, Sitobion avenae (F.) and Rhopalosiphum padi (L.). In addition to the compounds mentioned above, hop -acids and iso--acids (Verzele & De Keukeleire, 1991) were tested.
Materials and methods
Aphids and plants. Clones of R. padi and S. avenae were reared on oats (Avena sativa L. cv. 'Dula'). All insect cultures were maintained at 15 C with a L16:D8 photoperiod. Recently-moulted adult apterae were selected and starved approximately 1 h before use in experiments. Oat plants were used at growth stage 11 (Tottman & Makepeace, 1979) .
Application of treatments.
Test compounds were applied topically to leaf surfaces in ethanolic solution, using a No. 4 paint brush to achieve a uniform application of approximately 15 nl per mm 2 leaf area. The solvent dried rapidly (within 1 min), and experiments were started approximately 10 min after the chemical treatments were applied. Concentrations used were above the 'antifeedant threshold' obtained from choice test with M. persicae, when this information was available from the literature. Azadirachtin was tested at 0.05%, and all other treatments at 0.1%. ()-Polygodial was applied as a racemic mixture, as the synthetic (+) isomer has the same aphid antifeedant activity as the natural (,) isomer (Asakawa et al., 1988) . The hop -acids were applied as a mixture (48% lupulone/48% colupulone), and (98%) colupu-lone was also tested separately. Hop -and iso--acids were applied as mixtures ( -acids: 55% humulone and adhumulone/43% cohumulone; iso--acids: 15% isohumulone/11% isocohumulone/4% isoadhumulone).
Bioassays. Oat plants were chemically treated as above, and the first leaves excised approximately 6 cm from the tip. The total excised area of each leaf was approximately 550 mm 2 . The leaves were placed on damp filter paper (Whatman 1001090) in a 9 cm plastic Petri dish. Two leaves were used in each Petri dish, arranged approximately in parallel with 2 cm separation. A group of 10 aphids (either S. avenae or R. padi) was then placed on the inner surface of the Petri dish lid, and the number of insects present on each leaf counted at various time intervals between 15 min and 2 h after initial access. Settled and walking aphids were not discriminated. Aphid access to the leaves began less than 15 min after leaf excision. This experiment was replicated 20 times for each treatment (total insects tested per treatment = 200).
Aphids were initially presented with treatments in choice tests, which included one leaf as a control (treated with ethanol solvent). Behavioural effects of the ethanol solvent were tested in a separate choice test, where the alternative leaf was untreated. Treatments which were effective in choice tests were then presented in no-choice tests, where both oat leaves in each Petri dish were treated identically. Two no-choice control groups were included, allowing insects access to dishes where both leaves were ethanol-treated, or untreated. No-choice treatments were replicated 10 times, and each replicate included both control treatments (total insects tested per treatment = 100).
Analysis. An 'antifeedant index' (I) was calculated from the total number of aphids counted on treated (T) and control (C) oat leaves at each time interval:
Possible values for the index therefore range between 1 (complete antifeedant effect) and ,1 (complete attractant), with a value at or close to zero indicating no effect. Mann-Whitney U-tests were used to calculate significance.
Results
Excised oat leaves provided suitable feeding substrates for these aphid settling tests during the 2 h experimental observations; both R. padi and S. avenae continued settling in larger numbers over this time period. At the last (2 h) experimental observation period, 92% of R. padi and 76% of S. avenae were counted on the leaf surface in untreated no-choice control Petri dishes.
Choice tests. Treatments which significantly affected the distribution of at least one of the two cereal aphid species are presented as antifeedant index values at increasing time intervals (Figures 1 & 2) . Several topical leaf treatments caused significant antifeedant effects. Polygodial, castanospermine and hop -acid treatments were all active in choice tests with both aphid species (Figure 1) , although only R. padi showed significant responses to the -acids (either mixed or colupulone alone). Observations at 1 h and 2 h revealed more S. avenae on colupulone-treated leaves than on ethanol-treated controls, but these differences were not statistically significant. The ethanol solvent was also applied topically to leaves and tested against control oat leaves with no treatment. S. avenae settled in greater numbers on untreated leaves, but R. padi was not affected by the ethanol treatment. Neither iso--acids, quassin or azadirachtin caused a behavioural response (data not shown).
No-choice tests. When topical applications of polygodial, castanospermine and the -and -acids were tested in no-choice conditions, R. padi and S. avenae showed different responses (Figure 2) . Polygodial was clearly effective against R. padi after 2 h access (Figure 2d) , but settling by this species on leaves painted with all other treatments was similar to that on ethanoltreated control leaves. Furthermore, when R. padi were exposed to leaves treated with the ethanol solvent, the insects settled in similar numbers to those on untreated leaves. In contrast, the results for S. avenae show that all treatments inhibited settling when antifeedant index values were calculated by comparison with ethanoltreated controls, but only polygodial and colupulone showed consistent significant effects. Treatment with the ethanol solvent reduced settling by S. avenae in these no-choice tests, when compared with aphid numbers on untreated leaves.
Discussion
R. padi and S. avenae are important pests of cereal crops (Vickerman & Wratten, 1979) . Treatments which reduce settling and feeding by these species Figure 1 . Antifeedant index values at various time intervals after aphid access to topically-treated oat leaves presented in choice tests alongside ethanol solvent-treated control leaves. Values for ethanol were calculated from choice test with untreated leaves. 1a and 1b, S. avenae; 1c and 1d, R. padi (P 0.05; P 0.01; P 0.001; Mann-Whitney U tests).
will reduce direct aphid damage, and may also control the persistently-transmitted barley yellow dwarf virus (BYDV). In the present study, observations over 2 h revealed that settling by both species was reduced by topical application of ethanolic solutions of several compounds in choice tests with ethanol-treated controls. Aphids of both species responded to a similar range of treatments, but only S. avenae responded to treatment with the ethanol solvent, settling in larger numbers on untreated oat leaves in choice and nochoice tests. This response may have been caused by an alteration of leaf surface chemistry by topical application of the solvent, or by physical damage, although very little damage was visible. Application of several test compounds were shown to have genuine behavioural effects on S. avenae which were greater than those caused by the ethanol solvent, as comparisons were always made with the ethanol treatment.
Damage to polygodial-treated oat leaves was evident after 24 h. The behavioural observations were made before such phytotoxicity became apparent, but insidious biochemical/physiological changes in the leaves may have occurred within the experimental periods and contributed to the rejection of polygodial-treated leaves by aphids. However, polygodial applied to artificial surfaces also evokes a repellent response with M. persicae (Asakawa et al., 1988; Powell et al., 1995) . Azadirachtin had no effect on aphid distribution, although this compound was applied at a concentration which had been reported to deter R. padi and S. avenae from settling on barley leaves (West & Mordue, 1992) . Quassin and polygodial were tested topically at concentrations which had been demonstrated to have an antifeedant effect against M. persicae, but only polygodial acted as an antifeedant to the two cereal aphid species. Conversely, the hopacids were active against the cereal aphid species but had no effect on M. persicae in choice tests ). These results suggest that different antifeedants may need to be targeted at different pest aphid species.
In no-choice tests, where aphids had no access to control leaves, R. padi tended to accept leaves treated with all compounds except polygodial. No-choice treatments caused behavioural responses by S. avenae, but the effects were generally less significant than in choice tests. Behavioural 'de-sensitization' (Raffa & Frazier, 1988 ) is a commonly observed effect when antifeedants are presented in no-choice tests, and may limit their efficacy in field conditions (Bernays, 1983; Jermy, 1990) . Despite these considerations, application of polygodial to autumn-sown barley effectively reduced aphid numbers and BYDV infection in the crop, and resulted in an increased yield (Pickett et al., 1987) . A more judicious use of antifeedants would be as part of a 'push-pull' strategy (Smart et al., 1994) , coupled to some means of population reduction such as a pathogen or highly-selective pesticide (Griffiths et al., 1991) .
